Introduction
Antimicrobial peptides (AMPs) are small, naturally occurring proteins that exhibit a broad range of activity against bacteria and other pathogens [1, 2] . Although some bacterial resistance to AMPs has been reported [3] , they have remained effective antibacterial agents despite their ancient and widespread deployment in nature [1] . This has spurred extensive research efforts to develop AMPbased therapeutic antibiotics as a lasting solution to the growing problem of antibiotic resistance. However, these efforts have been largely hampered by a lack of understanding of the fundamental mechanism of AMP action. It has been suggested that AMPs act primarily by disrupting the bacterial cell membrane, although recent evidence indicates that intracellular targets may also play a key role in the bacterial killing mechanism of many peptides [2, [4] [5] [6] . In the present work, we limit our investigations to protegrin-1, a broad-spectrum, b-sheet, cationic peptide derived from porcine leukocytes [7] , for which the balance of evidence strongly suggests a membrane-active mechanism. We have selected this particular peptide as a model for AMP action due to its strong therapeutic potential as well as the wealth of available biophysical data pertaining to protegrin and its derivatives.
Protegrins are characterized by a beta-hairpin conformation that is held together by two cysteine-cysteine disulfide bonds. They contain 18 amino acids, and are highly cationic (charge of +7) at physiological pH. The simple structure and broad spectrum of activity of protegrins has led to their pharmaceutical development as agents to prevent oral mucositis [8] [9] [10] and ventillatorassociated pneumonia [11] . The solution structure of monomeric PG-1 (NH2-RGGRLCYCRRRFCVCVGR-amide), the most prevalent natural form of protegrin, has been elucidated by NMR [12] . Recently, Mani et al. conducted solid-state NMR experiments that led them to hypothesize that protegrins form octameric, membrane-spanning pore structures in anionic lipid bilayers [13] . Molecular dynamics simulations performed by Langham et al. [14] confirmed the stability of such pores. Previously, we used structures extracted from these simulations as input to an electrodiffusion model in order to quantify the conductance characteristics of the PG-1 pore [15] , and obtained good agreement with experimental data [16] . We have also modeled protegrin and numerous of its analogs in various environments that mimic bacterial membranes in order to decipher the mechanism of interaction between protegrin peptides and membranes [17] [18] [19] [20] [21] [22] [23] .
Despite all accumulating information there remains a gap in the empirical content required to explain in quantitative, mechanistic terms how exactly protegrin kills bacteria.
In the present study, we employ a combination of experimental and theoretical techniques to investigate the effect of protegrin pore formation on Escherichia coli cultures. We investigate how molecular level events result in antimicrobial function, focusing in particular on potassium efflux from a bacterial cell, transmembrane potential decay and cell volume changes. While many authors have suggested that membrane permeabilization by AMPs is an important part of the bacterial killing mechanism [1, 4, 24] , the highly coupled effects of such permeabilization have not been quantified. Furthermore, no attempts have been made that we are aware of to establish a quantitative link between molecular knowledge of AMP structure and physiological effects measured on whole bacteria. The multiscale approach that we have employed is illustrated graphically in Fig. 1 , and is described in greater detail in Section 2.
Methods and materials

Experimental
Synthetic PG-1 (RGGRLCYCRRRFCVCVGR-amide), $96.5% pure, was purchased from the SynPep Corporation (Dublin, CA), diSC3-5 (3,5-dipropylthiacarbocyanine) was purchased from Molecular Probes (Eugene, OR) and diisodecyl phthalate and dibutyl phthalate were purchased from Pfaltz and Bauer (Waterbury, CT) and from Eastman Kodak (Rochester, NY), respectively. All other chemicals were purchased from Sigma. E. coli strain ML-35p [25, 26] was used in all experiments. Light scattering assays were performed in 96-well, flat-bottom polystyrene tissue culture plates, with a final volume of 200 mL/well. In all cases, peptide or an equal volume of buffer was added to washed E. coli, final concentration of 10 8 colony-forming units (CFU)/mL, in a solution that contained 100 mM NaCl and 10 mM sodium phosphate (pH 7.4). Optical density measurements at 350 nm were taken every 6 s with a SpectraMax 250 spectrophotometer (Molecular Devices, Sunnyvale, CA). Unless otherwise noted, all experiments were performed at 37 8C.
Colony count assays were performed to determine the effects of protegrin on bacterial viability. E. coli ML-35p cells were washed with buffer and incubated at 37 8C for 10 min with the desired concentration of protegrin or an equivalent volume of buffer. Aliquots were removed at intervals, and subjected to two sequential 100-fold serial dilutions with protegrin-free incubation medium. After further 1:50 dilution into 5 ml of a 43 8C solution of 1% agarose in 100 mM NaCl, 10 mM sodium phosphate and 1% trypticase soy broth, the entire 5 ml sample was poured over a conventional trypticase soy agar underlay, and colonies in the overlay were counted after an overnight incubation.
A previously described procedure [27] was used to monitor potassium loss from E. coli ML-35p cells. In brief, a potassiumselective electrode was used to monitor the conductance of a solution containing 10 8 CFU/mL in the medium described above and suspended in a 250 mL incubation tube. The K + concentration was recorded every second. The total bacterial K + content ðc K þ ;total Þ was measured after subjecting the bacteria to prolonged (3 min) sonication. All data are reported as the percent of the total K + released. The relative transmembrane potential decay was measured using a general procedure recently described by Wu et al. [28] using a self-quenching fluorescent dye, diSC3-5. Cells were incubated with 0.4 mM diSC3-5 for 30 min in the same buffer described above. After the fluorescence had stabilized at about 10% of its initial value, PG-1 (final concentration, 25 mg/mL) or its vehicle was added and fluorescence was monitored every 8 s using excitation and emission wavelengths of 622 and 670 nm, respectively.
Transmission electron microscopy (TEM) was carried out to inspect the effects of protegrin on E. coli ML-35p. Bacteria were washed twice in the usual buffer and then incubated at a concentration of 10 8 CFU/mL with a PG-1 concentration of 25 mg/mL. The organisms were fixed by adding fresh glutaraldehyde (2% final concentration) and allowed to adhere to mixed cellulose ester membrane filters (Millipore VCWP01300) for 20 min. The glutaraldehyde-fixed samples were then washed in phosphate buffered saline, postfixed in 1% osmium tetroxide for 45 min at room temperature, dehydrated through ethanol in propylene oxide, embedded in Epon 812 (Electron Microscopy Services, Hatfield, PA), thin-sectioned, and stained with uranyl acetate and lead citrate. Transmission electron microscopy was performed at the Electron Microscopy Core Facility of the UCLA School of Medicine, with a JEOL CX II instrument.
Modeling
The model system consists of a representative bacterial cell separated from the bathing solution by a thin membrane region. The volume of the entire system, bacterium and bath, is set to a constant value of 10 À14 m 3 , based on experimental conditions.
Since diffusion of ions is limited by the membrane, the two compartments can both be considered well-mixed volumes. Mass balances on the diffusing ionic species and a volume balance yield the following set of ordinary differential equations:
where n i is the number of moles of species i inside the cell, j i is the flux of species i, J V is the volume flux, A is the cell membrane area and V aq is the cell aqueous volume.
The volume flux is driven by the pressure difference and the osmotic pressure difference across the membrane [29] :
Here, L P is the membrane hydraulic permeability, DP = P outside À P inside is the pressure difference across the membrane, R is the gas constant, T is the temperature, s i is the reflection coefficient (a measure of the membrane ideality; see Refs. [29, 30] represent the concentration of ionic species i outside and inside of the cell, respectively, and c f represents the concentration of osmotically active but impermeable solutes present in the cell interior. The summation is over the three ionic species considered, namely K + , Na + and Cl À . The model assumes that these are the only relevant osmolytes that cross the cell membrane as a result of PG-1 permeabilization. Intracellular osmolytes such as nucleic acids and proteins that do not readily cross the membrane are accounted for by the term c f . Assuming that 30% of the total bacterial volume consists of solids, the total cell volume is found according to:
where V aq is the aqueous cell volume.
To calculate the ion fluxes, we have used the integrated form of the Nernst-Planck equation under the assumption of a constant field [31] :
where j i is the ion flux in mol/m 2 /s, q i is the ion charge, P i is the (effective) ion permeability, and u = FV/RT, where V is the value of the electrostatic potential in the cell interior and F is Faraday's constant. We have also added an active potassium uptake term based on available kinetic data for the four main K + uptake systems (Kdp, TrkA, TrkD and TrkF) [32] :
The kinetic parameters V max and K m for all three uptake systems were obtained from the work of Rhoads et al. [32] . The transmembrane potential is found by imposing a zerocurrent restriction (required to maintain bath electroneutrality in both the cell interior and the surrounding bath):
Due to the active K + uptake terms, Eq. (7) is solved numerically at each time step to obtain the transmembrane voltage, V.
The pressure difference across the membrane, DP, is calculated as a simple linear relation with the volume:
where DP 0 is the initial pressure difference across the membrane, m is an effective volume modulus, V c is the cell volume, and V c, 0 is the initial cell volume. Although the mechanics of the peptidoglycan sacculus are known to be much more complex [33] [34] [35] , this particular approximation is sufficient for the present model, and has been employed by other authors in similar modeling [36] .
Ion permeabilities, P i
In order to estimate the permeabilities of ions through the bacterial membrane region (P i in Eq. (5)), it is assumed that the most significant resistance to ion diffusion arises from the inner cytoplasmic membrane. Permeabilities are calculated assuming parallel passive diffusion through pores and the bilayer region:
Here, x is the fraction of the membrane area covered by protegrin pores. It is related to the number of pores, N pores , according to: x = N pores A pore /A cell , where A pore is the total area of the membrane that can be designated as being occupied by the pore. This was estimated to be 1120 Å 2 according to structures extracted from the molecular dynamics simulations of Langham et al. [14] . The effective permeabilities of ions through the pore, P i, pore , are estimated based on the numerical solution of the 3D PoissonNernst-Planck (PNP) equations for the structure of a single protegrin pore embedded in an anionic lipid bilayer. The details of this work, as well as the molecular dynamics simulations from which the structures were extracted, have been discussed elsewhere [14, 15] . The total flow rate of each ion through the pore, n i , was calculated from the 3D-PNP solution and substituted in the integrated 1D Nernst-Planck equation to obtain the effective ionic permeabilities:
The boundary concentrations of a particular species, c o i and c i i , are the boundary conditions used at the top and bottom of the pore in the 3D-PNP model, while the transmembrane potential V corresponds to the boundary value of the electrostatic potential. The 3D-PNP model was originally solved only for potassium and chloride ions. Since the only distinction in the 3D-PNP model between potassium and sodium is the diffusion coefficient, the calculations were not repeated for sodium. Instead, the permeability of sodium ðP Na þ ; pore Þ was calculated by scaling the permeability of the potassium ion with the ratio of the diffusion coefficients of Na + and K + . 
Hydraulic permeability, L P
As in the case of the ion permeabilities, the hydraulic permeability is calculated on the assumption of parallel flow through the pore and bilayer regions of the membrane.
L P ¼ ð1 À xÞL P;bilayer þ xL P; pore (11) The hydraulic permeability through the pore, L P, pore , was calculated based on three-dimensional pore structures obtained from the molecular dynamics simulations of Langham et al. [14] , assuming Poisseuille flow in series along the pore axis [39, 40] . Values of L P, pore obtained this way do not vary significantly with the pore structure used; a typical value, which was used for all subsequent calculations, was 4.1 Â 10 À9 m 3 /N/s. Literature values for the value of L P, bilayer range significantly depending on the type of bilayer used in the measurements [37, 40] . We have used a value of L P,bilayer = 7.0 Â 10 À14 m 3 /N/s, well within the range of the relevant literature values.
Initial conditions and other parameters
The initial aqueous cell volume, V aq,t=0 , was set to a value of 4.18 Â 10 À18 m 3 , based on the mean volume of cellular water measured in exponential phase E. coli using 3 H 2 O measurements.
Similarly, the initial K + intracellular concentration was set to 137.9 mM, based on the total concentration of K + measured after sonication of a 10 8 CFU/mL bacterial suspension. The initial concentrations of Na + and Cl À in the cell interior were set to 6 mM and 5 mM, respectively, based on values obtained from the CyberCell Database [41] . The initial pressure difference across the bacterial cell wall was taken to be 4 bar [41, 42] . The effective volume modulus of the bacterial envelope, m in Eq. (8), was taken to be 9 bar [42] . The parameter c f was set so that the initial conditions yield an osmotic equilibrium. The values of all reflection coefficients s i were set to unity. This is justified because the vast majority of the membrane (the lipid bilayer region) is practically impermeable to ions.
Results
Ion diffusion and potassium release
Exposure of bacteria to 25 mg/mL of PG-1 caused a rapid release of potassium from exponential phase E. coli (Fig. 2) . As shown, potassium release began within a few seconds and continued until about 90% of the total bacterial K + was lost. The K + release curve for exponential-phase bacteria can be closely matched by the model by setting the number of protegrin pores to approximately 100. It should be noted that these and all other values of the number of pores mentioned always represent an effective, average number of open pores. In reality, the pores are transient structures that likely form and collapse frequently on the timescale of the experimental observations. The data in Fig. 2 correspond to a typical choice of ion permeabilities through pores obtained based on the 3D-PNP calculations (P K þ ; pore = 3.06 Â 10 À4 , P Na þ ; pore = 2.34 Â 10 À4 , P Cl À ; pore = 0.0906 m/s), as described in Section 2. Although some variation exists in these parameters depending on the bath boundary concentrations and the particular snap shot from the molecular dynamics simulations that is used to obtain the atomistic pore structure, the results are not substantially affected. The variation in the number of pores is between 40 and 200 in the case of exponential-phase organisms for all of the 3D-PNP conditions and structures tested. Both the experiment with exponential-phase bacteria and the model show a plateau in the K + release curve after approximately 90% of the bacterial K + has been released ( Fig. 2) , less than 2 min after protegrin treatment. In the model, this plateau occurs due to the existence of the active uptake mechanisms (see Eq. (6)). As K + is released, the driving force for flux out of the cell diminishes, and eventually the K + uptake mechanisms are able to match the outward electrodiffusive flux of K + , corresponding to the observed steady state concentration values. Since the electrodiffusive flux takes place primarily through the pores, the height of the plateau decreases with a decreasing number of pores. In addition to the percentage of potassium released, the model offers the possibility of monitoring the interior concentration of the other diffusing ions, namely sodium and chloride. Fig. 3 shows the cytoplasmic concentration of all three ionic species as a function of time. The data shown correspond to the typical ion permeabilities already mentioned and 100 pores (N pores = 100). As potassium leaks from the cytoplasmic interior, sodium and chloride enter the cell from the higher concentration exterior environment. Interestingly, sodium accumulates inside the cell to a higher concentration than the 110 mM exterior sodium concentration. This is because the zero-current condition (Eq. (7)) requires the baths to remain at a constant total charge. Since the baths must be neutral, this further implies that a non-permeating, negatively charged species exists in the cytoplasm to achieve electroneutrality of the cell interior for the given initial conditions. This anionic species corresponds to the cumulative negative charges of proteins, nucleic acids and small organic molecules. As sodium replaces the potassium that is released, it also enters alongside the chloride ions that are driven into the cell by concentration gradients. The implications of a high concentration of sodium in the cell interior could be significant, as sodium is known to compete with potassium for many enzyme binding sites involved in vital metabolic processes [43, 44] .
Transmembrane potential
The relative fluorescence of diSC3-5 measured after treatment of exponential phase E. coli with 25 mg/mL of PG-1 is shown in experiment. The transmembrane potential change is scaled as a percentage of complete depolarization, based on the initial value and the steady state value obtained at long times. As expected, the permeabilization of the membrane by PG-1 allows ions to exchange freely, thereby upsetting the concentration gradients across the bacterial membrane that contribute to the transmembrane potential. The higher rate of transmembrane potential decay observed in the model as compared to the experiments could be partially explained by the delay associated with the diffusion of diSC3-5 in response to changes in the transmembrane potential, whereas the model provides direct and instantaneous transmembrane potential data. In the model, the transmembrane potential initially has a value of approximately À75 mV (cell interior negative), and decays to a value of around À12 mV at steady state. These values are well within range of physiologically relevant potentials measured in bacteria (commonly between À130 and À150 mV) [3] . The nonzero value obtained for the steady-state transmembrane voltage results from the Donnan equilibrium associated with the implicit presence of a non-permeating, anionic species in the cell interior (see discussion above near the end of Section 3.1), which is required to maintain bath electroneutrality for the given initial conditions.
Light scattering and volume changes
The time-dependent cell volume calculated from the model is shown in Fig. 5 along with the experimental light scattering data for exponential-phase organisms. All values are scaled as a percent change from the initial values, which correspond to untreated bacteria. The number of pores was set to achieve the best agreement with the experimental K + release (100 pores). With the parameter choices described in Section 2, the trend of an initial decrease followed by a subsequent increase in volume is not reproduced well. The model shows a rapid increase in cell volume that occurs sooner than the measured increases in optical density. The volume behavior in the model is caused by an osmotic imbalance that results from ion transport. Although potassium leaks out of the cell, sodium and chloride enter it in larger quantities, increasing the osmolarity of the cell interior, thereby providing a strong driving force for water influx. Due to the relatively high permeability of the cell membrane, water enters the cell very quickly in response to this osmolarity change, resulting in a sharp increase in the cell volume. As water flows into the cell, it dilutes its contents and increases the hydrostatic pressure, thereby reducing the driving force for osmotic water influx. An osmotic equilibrium and an equilibrated cell volume are reached shortly after ion diffusion ceases. Since the response to osmolarity changes is very fast, the slow volume changes observed cannot be a delayed response to osmolarity changes caused by ions, but must be the result of the transport of other osmolytes. Experiments aimed at measuring the kinetics of volume changes in E. coli [45, 46] and in Saccharomyces cerevisiae [47] in response to changes in external medium osmolarity suggest a time scale for volume changes on the order of milliseconds to seconds. As such, the time scale of light scattering changes (and presumably volume changes) observed in the present experiments cannot be a delayed response to changes in ion concentrations, since ion equilibrium is attained well before the volume has stopped changing.
Considering the ambiguities involved in relating light scattering data to volume changes, as well as the simplifying assumption made in the model that K + , Na + and Cl À are the only relevant permeating osmolytes, the inconsistencies between the experiment and the model in this area are not surprising. Very likely, bacteria are able to adopt several additional strategies to regulate their volume, such as the release of other small molecules (e.g. glycine betaine, glutamate, trehalose, and proline), synthesis of additional osmolytes [48] , and active transport of ions [49] . Despite these shortcomings in the model, one notable result that emerges from both the experiments and the model is that exposure to protegrin ultimately causes a significant increase in bacterial volume, which could very well compromise the structural integrity of the sacculus and lead to osmotic lysing of the bacteria. This in turn could be an integral part of the mechanism of action of protegrin-1, as well as other pore-forming antimicrobial peptides.
Bacterial viability loss
The viability of bacteria was determined by extracting aliquots from each experiment at different times and performing colony counts after overnight incubation. The percentage of bacteria killed after different exposure times and the K + release curve are shown for exponential-phase bacteria treated with 25 mg/mL of PG-1 at 23 8C in Fig. 6 . The figures show the bacterial killing kinetics to be similar to the potassium release kinetics, which have been shown above to be concurrent with transmembrane potential decay. This does not necessarily imply that potassium release or membrane depolarization are sufficient to cause cell death; ionophores such as valinomycin can cause complete membrane depolarization that effectively 'stuns' bacteria but does not kill them-once the valinomycin is removed, the transmembrane potential is reestablished, and bacteria remain viable [28] . Nonetheless, the rapid loss of potassium accompanied by the increase in intracellular sodium concentrations could have a strong contribution to cell death, as the exchange of potassium for sodium is likely to inhibit numerous metabolic functions. At the same time, the loss of the transmembrane potential will severely compromise normal membrane function. Although the light scattering data were collected in a different experiment (Fig. 5) , they do not appear to have a clear relationship to the bacterial killing kinetics. Since most of the bacteria are rendered nonviable well before the experimentally observed rise in light scattering, any osmotic lysing that occurs due to cell volume expansion represents an overkill mechanism. Given the regenerative abilities of many bacterial species, this aspect of the killing mechanism of PG-1 may prove useful to the host.
The effects of a large volume increase on bacterial cells are seen most dramatically in microscopy images of PG-1 treated bacteria. Fig. 7 shows transmission electron microscopy images of E. coli strain ML-35p after several minutes of exposure to PG-1 at a concentration of 25 mg/mL PG-1. A rupture in the outer envelope of the organism in Fig. 7 leads to extrusion of the cellular membrane through the cell wall, followed by massive leakage of cell contents.
Discussion
Both the experiments and models suggest that even a relatively small degree of bacterial membrane permeabilization by protegrin can cause rapid potassium leakage and decay of the transmembrane potential. The model presented herein uses as input the ion permeabilities from a numerical study of the three-dimensional electrodiffusion through an octameric pore structure, which in turn is based on a molecular dynamics study of the protegrin pore. According to the present results, we estimate that the number of protegrin pores required to reproduce the experimentally measured K + release curve is around 100 for exponential-phase bacteria. It should be noted once again that these numbers represent the average, apparent number of fully formed, open pores, rather than the number of pores or membrane-bound protegrin molecules at any particular instance. Not surprisingly, the decay of the transmembrane potential occurs in parallel with the potassium release and sodium influx, a trend that is observed both experimentally and in the model. Although it is difficult to ascertain a clear relationship between light scattering and bacterial volume changes, the light scattering data presented herein indicate that in many cases, the volume decreases initially, and increases following the plateau in the K + release. This behavior is not well captured by the model, suggesting that osmolytes other than the three ions considered here are involved. Nevertheless, both the model and the experiments suggest that sufficiently high concentrations of PG-1 cause a significant volume increase, which leads to catastrophic membrane rupture, as observed by electron microscopy. Comparing the light scattering data to the kinetics of bacterial killing, it appears that the optical density rise is not directly linked to any causes of death, but rather represents an effect of bacterial killing by protegrin. The cause of death, although not conclusive from the present study, coincides with, and may well be a direct result of concurrent potassium release, sodium influx and transmembrane potential decay. As the result of this damage unfolds, the bacterial volume expands, leading to membrane rupture at sufficiently high PG-1 concentrations.
It appears that osmotic lysing by protegrin is not merely a consequence of bacterial death, but rather a characteristic behavior that occurs at high concentrations of PG-1. This therefore represents an additional overkill mechanism that protegrins are able to deploy against pathogen targets to render them irreparable. Given the robustness and regenerative abilities of most bacteria, this mechanism would prove useful to the protegrin host.
With this work we provide a timeline of molecular events underlying the bactericidal action of protegrin. It appears that around 100 protegrin pores are sufficient for rapid enough potassium leakage and transmembrane potential decay to overwhelm bacterial defenses. The ion exchange occurs in minutes and appears sufficient to kill bacteria, although water subsequently rushes in, swelling the cells and irreversibly disrupting their structural integrity, thereby ensuring bacterial death.
